With the recent ratification of the International Convention for the Control and Management of Ships' Ballast Water and Sediments, 2004, it will soon be necessary to assess ships for compliance with ballast water discharge standards. Sampling skids that allow the efficient collection of ballast water samples in a compact space have been developed for this purpose. We ran 22 trials on board the RV Meteor from June 4-15, 2015 to evaluate the performance of three ballast water sampling devices (traditional plankton net, Triton sampling skid, SGS sampling skid) for three organism size classes: ≥ 50 μm, ≥ 10 μm to b50 μm, and b10 μm. Natural sea water was run through the ballast water system and untreated samples were collected using paired sampling devices. Collected samples were analyzed in parallel by multiple analysts using several different analytic methods to quantify organism concentrations. To determine whether there were differences in the number of viable organisms collected across sampling devices, results were standardized and statistically treated to filter out other sources of variability, resulting in an outcome variable representing the mean difference in measurements that can be attributed to sampling devices. These results were tested for significance using pairwise Tukey contrasts. Differences in organism concentrations were found in 50% of comparisons between sampling skids and the plankton net for ≥50 μm, and ≥10 μm to b50 μm size classes, with net samples containing either higher or lower densities. There were no differences for b10 μm organisms. Future work will be required to explicitly examine the potential effects of flow velocity, sampling duration, sampled volume, and organism concentrations on sampling device performance. Crown
Introduction
Ballast water is one of the most prominent vectors for the transfer of marine non-indigenous species (Verling et al., 2005) . In order to minimize potential harm, the International Maritime Organization (IMO) adopted the Convention for the Control and Management of Ships' Ballast Water and Sediments in 2004 (IMO, 2004) . The convention, which restricts permissible discharge concentrations for viable organisms in specified size classes and for indicator microbes through Regulation D-2, will enter into force in September 2017 (IMO, 2016) . As such, port state control regulators must prepare to monitor ships' compliance with these discharge standards. Any compliance monitoring activities based on biological sampling will necessarily include protocols for sample collection and sample analysis, and multiple technologies for both are currently in development and testing phases (Gollasch et al., 2003; IMO, 2008; IMO, 2013; Gollasch and David, 2015) .
Traditionally, ballast water sampling during shipboard type approval testing has been conducted using an open collection system with plankton nets. Samples are collected using in-line, "L" shaped sampling probes (i.e. pitot tubes) installed in the vessel's ballast water piping. Ballast water is pressure-fed through tubing and into a conical plankton net with 35 μm mesh (50 μm in diagonal) within a wetted sample tub, and the sample retained in the net is collected for analysis of organisms in the ≥50 μm size class. In general, 350-3000 L of water is concentrated for assessment of ≥ 50 μm size organisms at low concentration (US Coast Guard, 2010; Briski et al., 2014) , so it is necessary to dispose of 'waste' water (i.e. water that was filtered through the net). 'Waste' water can, for example, be returned to the ballast system downstream via a return port or drain valve (Briski et al., 2014) , sent overboard, or deposited into the bilge. For organisms ≥10 μm to b50 μm (hereafter,collecting~400 mL of water from the sample tubing (either before or after water passes through the plankton net) every two to 5 min during the entire sampling duration (e.g. Gollasch and David, 2011; GSI, 2011; Briski et al., 2014) .
More recently, shipboard collection systems (i.e. sampling skids) have been developed that enable filtration and collection of large volumes of water in a small space and, optionally, the ability to directly return filtered 'waste' water into the ship's ballast water pipe (known as a closed loop system). Again, the sampling skid connects to the ship's ballast system using an in-line, "L" shaped sampling probe and the sampled ballast water flows through a filter housing with a filter sized according to Regulation D-2 (size 50 μm in diagonal/diameter). Large size organisms (≥50 μm) are collected inside the filter assembly, and a diverter after the filter housing equipped with a ball valve allows for obtaining water samples as single, small volume samples or continuous drip samples to assess small size organisms (10-50 μm). For both types of collection systems and both size classes, the flexible nature of the integument of many organisms (and the nylon mesh, for plankton nets), may lead to some error in the division of these samples (i.e. error in the separation of plankton ≥50 μm from those b50 μm).
Shipboard collection systems provide operational advantages versus traditional plankton net collection protocols because their compact size allows for them to be permanently installed or stored on ships to enable inspectors to collect a sample for compliance monitoring without carrying sampling equipment on board. Further, the potential to use skids in the closed configuration can provide a significant operational advantage by circumventing the need to dispose of waste water generated during sample collection. This may enable samples to be collected more efficiently and provide a significant time savings. However, in order to maintain a small footprint, sampling skids concentrate organisms using a much smaller filtration surface area than plankton nets. Traditional plankton nets have a large filtration surface area that minimizes stress on organisms during collection. The smaller filtration surface area offered by sampling skids could subject collected organisms to greater pressures. It is therefore important to assess if the use of compact shipboard sampling skids will impact the viability of collected organisms in advance of their use in enforcement scenarios.
In this paper, we evaluate whether sampling skids provide equivalent samples to traditional plankton net collection methodology. We acknowledge that traditional plankton nets may be imperfect (i.e. error in the separation of plankton; negative impacts on plankton viability), but use them as a logical baseline comparison since they represent the current standard. We focus on two sampling skids: the SGS Ballast Water Sampler (BWS) 1 (hereafter, SGS skid), and the Triton NP 6007 TG 18 (hereafter, Triton skid), used in both open and closed loop configurations.
Since the skids have different specifications, we also compare the skids to each other.
Our experiments were conducted on board the research vessel 'Meteor' in transit from Mindelo, Cape Verde, to Hamburg Germany. Owing to the installation of multiple in-line sampling and return ports, the RV Meteor presented a rare opportunity to collect paired samples simultaneously during ballast water uptake using different sampling technologies. This experimental design provides an advantage over previous efforts to assess sampling skid and plankton net comparability in sequence (e.g. First et al., 2012) , since there are known differences between organism concentrations at varying time points of a discharge event (First et al., 2013) . Samples were analyzed in parallel by multiple analytic tools to quantify the concentration of viable organisms (hereafter, organism concentration) in samples. Any observed differences may be attributed to mortality during collection or differential pressure regimes causing concentration differences between the sample and the main ballast pipe. Sample representativeness was not examined herein. Due to natural variation in plankton communities during the voyage, devices were tested across a wide range of plankton concentrations. Results provide information on the equivalence of different sampling methodologies and thereby support efforts to establish compliance monitoring protocols which will be needed upon the entry into force of the Convention for the Control and Management of Ships' Ballast Water and Sediments.
Methods

Test vessel and experimental design
The ballast water system onboard the RV Meteor is comprised of DN100 galvanized steel pipes (diameter 100 mm) and an uncompensated piston pump with a maximum capacity of 65 m 3 /h. An Optimarin OBS80 ballast water management system (BWMS) is also installed; the BWMS was not operated for this study, but the sampling points associated with the BWMS were used. Fig. 1 gives a schematic overview of the BWMS with sampling points and valves that can be used to produce different flow paths through the ship's ballast system; the arrowed pathway details the route of the sea water during our trials. A total of 22 trials were run with sampling devices positioned at sample point A and sample point C. Each is equipped with an "L" shaped sampling probe facing upstream as recommended by the IMO Guidelines for Ballast Water Sampling (IMO, 2008) . A return probe, supplied by SGS, was installed at point D with the opening facing downstream. All sample probes were DN25. When possible, sampling devices were rotated between sampling points during testing. Since the closed filter skid systems can only be positioned at sample point C in order to return backflow water at point D, they were paired with an open method at sample point A. Based on the very short sections of straight pipe and number of bends in the ballast system, theoretically upstream sampling should not affect downstream sampling (Richard et al., 2008) , but device positions were recorded to enable the statistical evaluation of any potential influence of sample point (Table 1) . Samples were collected as the ship conducted uptake of natural sea water through the ballast water system, except one trial where untreated Mindelo port water was sampled during ballast water discharge after being held in a ballast tank for 3 days (see Table 1 ). The BWMS filter was bypassed and the UV elements were turned off. During each trial, each collection device filtered~1000 L of water for analysis of ≥50 μm size class that was condensed to 1 L (some exceptions; see Table 1 ) in the 'cod' end (plankton net) or filter assembly (sampling skid) (Fig. 2) ; the actual volume of water filtered by each device was quantified using a flow meter so that appropriate concentrations could be backcalculated for device comparisons (Seametrics WMP104-100 magnetic flow meter for plankton net samples, and built-in Bürkert digital flowmeter 8035 with S030 fitting for Triton skid, and BMETERS GMB-RP R100H R40-V (DN40) for SGS skid). For collection of b50 μm organisms, a 'frequent grab' sample was collected by sampling between 10 and 16 L of water directly from the containment drum after passing through the plankton net, or from the water that had already passed through the 50 μm filter assembly (for the skids). Our results are thus only relevant for 'frequent grab' samples, although 'drip samples' can be collected from the Triton skid. Samples for the 10-50 μm size class were concentrated 1-16 × to increase organism concentrations in samples before analysis (see Bradie et al., 2017) .
In an effort to obtain similar flow rates between paired devices during sampling, flow rates through individual devices were adjusted as required, based on the measurements provided by the sample flow meters; flow adjustments were achieved using a diaphragm valve on the Triton skid and net samplers and via a ball valve situated after sample collection and flow measurement on the SGS skid. Across all trials, the mean flow rate for net samples was 56.0 L/min, SGS skid (open) was 54.7 L/min, SGS skid (closed) was 43.5 L/min, Triton skid (open) was 50.4 L/min, and Triton skid (closed) was 24.4 L/min. A YSI multiprobe was used to measure temperature and salinity of samples at the time of collection via separate frequent grab samples. Table 1 details sampling devices, water sources, sampling duration and locations, main ballast water velocity, flow rate through each sampling device, and total volume of water that passed through the ballast system during the trial. Full details on each sampling skid are provided in Appendix A.
Sample preparation and analysis
All samples were prepared in a uniform way and analyzed in parallel using multiple analytic tools (see Bradie et al., 2017) . Samples were grouped according to 3 specified size classes: ≥ 50 μm, 10-50 μm, and b10 μm. While only the ≥50 μm and 10-50 μm fractions are explicitly mentioned in Regulation D-2, the b10 μm size class is also important because it corresponds to the size class of the indicator microbes. While it would have been ideal to assess sampling device performance for the indicator microbes directly, the absence of these microbes in the open ocean precluded this possibility.
Measurement methods for the ≥50 μm size class included microscopy (both dissecting scope to count motile zooplankton and epifluorescent microscope with fluorescein diacetate (FDA) viability probe to count phytoplankton), Satake Pulse Counter (uses FDA), Walz WATER pulse amplitude-modulation fluorometry (PAM), and SGS adenosine triphosphate (ATP) (aqua-tools). For the 10-50 μm size class, techniques included epifluorescent microscopy (with FDA), Satake Pulse Counter, bbe 10cells (PAM method), Turner Designs' (TD) BallastCheck-2™ (PAM method) and Walz WATER-PAM. For the b10 μm size class, methods included TD BallastCheck-2™ and Walz WATER-PAM. A complete description of each method and associated protocols are available in Bradie et al. (2017) .
In order to minimize potential bias, samples were provided to analysts in a 'blind' form (i.e. no information given about sample collection method). For each sample, 3 replicate measurements were taken by each analytic device. Note that operational considerations (i.e. time and resource limitations) limited the use of some methods in some trials. Table 1 Experiment details including total volume of ballast pumped through ballast system during sampling, main ballast velocity, start position (latitude, longitude), source of water, sampling device and volume sampled for ≥50 μm and b50 μm fractions at sampling points A and C. NA indicates samples that were excluded from analysis due to methodology (3-5; 10-50 μm) and ⁎ indicates samples that were not analyzed due to equipment failure of paired device (experiment 16; ≥50 μm). 
Statistical analysis
All measurements were standardized to account for any concentration steps performed during analysis and also based on the total volume of water filtered by each sampling device, so that all measurements represent ballast water concentrations. Subsequently, measurement data from each analytic tool was z-transformed to standardize measurements from each device to mean = 0 and standard deviation = 1 so that all devices influenced results equally (i.e. devices that report results with a high magnitude do not influence results more than those that report in units with a low magnitude). Resultantly, the outcome variable which relates to organism concentration is not readily interpretable; instead it represents a mean difference in measurements which can be attributed to sampling device. Thus, while it is possible to detect whether there are differences between the sampling devices, the amount of difference between the methods is unintelligible and we are unable to comment on whether a significant difference is operationally relevant. One outlier measurement was removed prior to analysis where a macroscopic organism was observed in a ≥ 50 μm sample and concordantly, a very high measurement was recorded (160× higher than other replicates without macroscopic organisms). This measurement was taken by SGS ATP (Aqua-tools), which is directly related to biomass, such that the presence of one macroscopic individual can greatly influence results. This replicate exhibited a real difference compared to the other replicates, but was also a rare event since macroscopic organisms were not observed in any other replicates measured for this sampling event. As such, while the signal was real, it was excluded because the difference in the measurements was due to a real difference in the samples rather than sampling apparatus. Further, for 3 trials, data from the b50 μm classes were excluded from analysis due to an issue with sample collection (sample was taken before the water had passed through the plankton net), and for 1 trial, data from the ≥ 50 μm size class were excluded due to equipment failure of the Triton skid (Table 1) .
All analyses were performed in the R statistical programming environment (R Core Team, 2015) . Sampling devices were compared using linear mixed effect models with fixed effects for sampling device and sampling point, and random effects for analytic device and trial. Models were run separately for each size class using lme4 (Bates et al., 2015) in R. Variance structures were specified to account for different variances for both trials and analytic tools. Model selection was done using likelihood ratio tests and model assumptions were validated by visual inspection of residuals and using Levene's test. p-Values for the effect of sampling point were obtained using likelihood ratio tests comparing models with and without sampling point included. p-Values for differences between sampling devices were obtained by running pairwise Tukey contrasts using the general linear hypothesis testing function in the Multcomp package (Hothorn et al., 2008) .
Results
During sampling, the ship's ballast system pressure ranged from 0.2 to 1.4 bar and the mean pump rate was 60 m 3 /h resulting in a mean flow velocity of 2.12 m/s. Sampling duration was between 17 and 27 min per trial. Source sea water temperature decreased through the course of the voyage from 22.8°C to 13.2°C while salinity ranged between 33 and 36 ppt.
For the ≥ 50 μm size class, organism concentrations in ballast ranged between 2. 
Discussion
While we did observe differences in sample concentrations between paired samples, our results indicated that only some could be explained by collection device. For the ≥50 μm size class, net samples had significantly greater concentrations than samples from the Triton skid (open) and SGS skid (closed). For the 10-50 μm size class, net samples had significantly lower concentrations than those from both skids in the open configuration. There were no other significant differences between the skids and the plankton net. Where significant differences occurred, the magnitude of the expected difference between devices was within (≥50 μm size class) or overlapping (10-50 μm size class) the variability observed in the non-significant comparisons (i.e. the magnitude of differences observed for significantly different pairs was not greater than non-significant pairs). Thus, in many comparisons, performance of the sampling skids was similar to that of the traditional plankton net. Our results thus show promise for the operational use of sampling skids for ballast water compliance monitoring, however further tests are required as detailed below.
Ideally, the concentration of viable organisms in a sample should be equivalent to the concentration of viable organisms in the ballast tank. Sample concentrations may differ from tank concentrations due to three main factors: (i) organism concentrations in the ballast piping may not be representative of those in the ballast tanks (i.e. if organisms are not randomly distributed in the tank), (ii) organism concentrations in the main ballast water pipe may differ from those in the sample probe, and (iii) sampling may interfere with the integrity of the viable organisms due to, for example, shearing stress. Representative sampling acknowledges that patchy organism distributions in ballast tanks can cause organism concentrations to vary throughout a ballast discharge event. This has been explored in a number of theoretical and empirical studies (e.g. Carney et al., 2013; Frazier et al., 2013; Gollasch and David, 2010; Gollasch and David, 2013) . Since our study largely used open ocean water pumped into the ballast system bypassing the ballast tanks (one trial excepted), this issue is beyond the scope of our study and was not examined herein. Indeed, we conducted our tests in parallel and controlled sample duration, assuming that paired devices were sampling from the same population and that any observed differences should be attributed to factors associated with the sampling device.
Concentration differences between the main ballast pipe and the sampling probes are a possible cause of concentration differences between samples in our study. Fluid dynamic studies have explored sampling configurations to advise on appropriate setup to obtain representative samples while minimizing stresses on organisms. Isokinetic sampling occurs when water velocity in the main ballast line is equivalent to that in the sampling probe. True isokinetic sampling is not strictly necessary (IM0, 2008) . Instead, current recommendations advise sampling probe diameters should be between 1.5 and 2.0 times the isokinetic diameter to facilitate sampling at sub-isokinetic speeds (Lemieux et al., 2009; ISO 11711-1:2013; Drake et al., 2015) , to maximize sample representativeness by reducing pressure and turbulence (Richard et al., 2008; Wier et al., 2015) . We followed these recommendations and sampled at sub-isokinetic flow rates (IMO, 2013; , however, we found that sample flow rates were not constant during the sample collection period. We observed that flow rates Fig. 4 . Results of Tukey pairwise contrasts for measurements made on samples collected using different collection devices for 10-50 μm organisms. The dot indicates the expected difference between samples collected using the devices indicated based on a linear mixed model (see Methods and Results) and the lines show the 95% confidence interval. There is no significant difference between collection devices where the confidence interval overlaps the vertical dashed line. Significant differences were found for the following comparisons: SGS Open-Net, Triton Open-Net, SGS Open-SGS Closed, Triton Closed-SGS Open and Triton Open-Trion Closed. through the sampling skids tended to decrease during sample collection, potentially due to restriction of flow through the filter material as organic material and/or sediments accumulated, potentially blocking the filter surface area and restricting water flow. Since the paired devices were connected to a single ballast system, flow rate changes in one sampling device altered flow in the paired sampling device. It became necessary, therefore, to adjust (reduce) sample flow rates running into the plankton net to keep sample conditions consistent across devices. As a result, flow rates were not identical for paired devices within and across trials. While nine trials had mean flow rate differences b5 L/min between paired devices, seven trials had differences between 5 and 10 L/min and six trials had differences N10 L/min. Generally, closed skids sampled at much slower rates than nets or open skids. Small reductions in flow rate will not impact the sample representativeness, however, large decreases in sample flow rate could lower sampletaking velocity to the point that particles in the main ballast line are oversampled. We were not able to explicitly analyze the effect of sampling flow rate herein, but given the potential for sampling flow rate to affect pressure inside the sampling devices (SGS, 2014) , this is one possible explanation for the differences we observed. Additional research on the influence of sample flow rate on the concentration of organisms captured by these sampling devices is warranted to determine the acceptable limits of flow reduction for these sampling devices.
Mortality during collection is another possible reason for differences between our paired samples. Minimizing the stresses placed on organisms during collection is the responsibility of sampling device developers and a focus of product development. Sampling skids have a smaller surface area for filtration compared to plankton nets. The plankton net used herein had a 36 μm nylon mesh (50 μm diameter) with a filter ratio of~28%, whereas the SGS and Triton skids use stainless steel mesh screens with filter ratios of 5.1% and 31.8%, respectively. The free area (i.e. the area through which filtered material can pass) of each skid is 4 × 10 3 mm 2 (4.4 × 10 3 and 3.8 × 10 3 for SGS and Triton skids, respectively), whereas the free area for the net is~1.53 × 10 5 mm 2 . The free area influences the flow velocity through the filter material and can affect stresses on organisms during collection. It is possible that pressure during collection negatively impacting the viability of collected organisms and contributed to differences wherein lower densities were detected in skid samples compared to net samples. We expect that this issue would be especially prevalent where high densities of organisms were collected.
Further, challenges associated with accurately binning organisms into discrete size classes may be responsible for some differences between samples. As detailed in our methodology, both of the skids collect the b 50 μm sample after filtration of the ≥50 μm organisms. In order to maintain similar conditions, we collected the plankton net sample after the water had flowed through the net. The flexible nature of the nylon plankton net and of the integument of many organisms may lead to some error in the capture rate for both size classes, which may vary depending on pressure exerted during collection. Thus, the error may not be consistent across devices as the filters differ in their rigidity, open area shape, and pressures during sampling. This problem can sometimes be ameliorated by visually checking samples (e.g. microscopy), but this is not without human error and not always possible as many indicative analytic tools (including most used herein) are designed to measure samples that have already been divided into the appropriate size classes (see Bradie et al., 2017) . Further study will be necessary to determine how much error is introduced when sieving samples to create the desired size fractions, however this is beyond the scope of our study. Herein, we simply compare whether there is variation in the samples obtained from sample collection devices; device variance in splitting of the size classes due to methodology and design could be a reason for observed differences.
We note several operational challenges that should be considered in future work and/or may be responsible for differences between paired samples. First, we detected a significant effect of sampling point for ≥ 50 μm organisms. This was unexpected since theoretically the flow of ballast water at each sample point was expected to be turbulent, such that upstream sampling should not affect downstream sampling (Richard et al., 2008) . We did not detect an effect of sample point for either of the b50 μm size classes. It is possible that increased densities at Point C for ≥50 μm organisms are a true effect of sample point location or, alternatively, that this could be explained by the lower flow rates (and potential for oversampling) that occurred at Point C as discussed above. Regardless, since sample point was taken into account in our statistical model, it should not affect our conclusions in regards to the differences between sampling skids. Future work should ensure sampling points are set up so that upstream sampling points do not affect downstream points, and also, where possible, to conduct testing with more than two sampling points so that multiple sampling devices can be assessed concurrently. Second, during several trials, numerous micro air bubbles were observed in the water being sampled, presumably resulting from entrainment of turbulent water in the sea chest during rough seas due to weather. It is possible that such air bubbles could impact the pressure regime in the main ballast water system and sampling devices, thereby exposing aquatic organisms to hydrodynamic stress and negatively impacting their viability. This impact should have been comparable across sampling devices, so it should not influence our conclusions with respect to differences between devices. Future studies should ensure that sampling conditions are recorded so that operational variables that may influence results are considered in results analysis. Finally, each of the sampling devices tested herein use a different type of flow meter (i.e. paddle wheel, magnetic, and positive displacement). Errors in flow measurement have the potential to impact the estimated sample concentrations. Using the same flow meter for all sampling devices could have reduced any error introduced into our concentration estimates due to flow meter, but it would not have been operationally relevant since differences between sample concentrations resulting from error associated with an integrated flow meter should be treated as part of the device error. We anticipate that the air bubbles observed in some of our trials may have exacerbated flow meter error, and that impacts may not have been consistent across sampling devices. However, given reported error rates of b 2% (based on manufacturer, assuming correct installation), any differences between flow meters are not expected to have a large effect on our results.
The IMO Guidelines for ballast water sampling (G2), Annex 3, paragraph 6.2.3., state that "the sampling protocol should take account of the potential for a suspended sediment load in the discharge to affect sample results" (IMO, 2008) . Our experiment provided an opportunity to explore this capability as there was a high amount of sediment and biological material in the sampled water during several trials. In most cases, the skids remained operational, but in one trial, the Triton skid became inoperable and no sample was retrieved. Specifically, the Triton skid clogged with suspended material and the increased pressure caused the filter cartridge to dislodge from the filter head. For this trial, sample uptake occurred off the coast of France (47.35°N, 6.97°W) and the ballast water was estimated to contain~4.6 × 10 5 (sd = 1.3 × 10 5 ) individuals/m 3 based on microscope estimates from the paired sample. To prevent a recurrence, the design issue was corrected by adding screws to the filter cartridge of the Triton skid. It is important that sampling devices are capable of maintaining operations even when particle loads are high, since samples with a high concentration of particles could be compliant, especially when using a BWMS that does not use filtration (e.g. NK blue ballast water treatment; DNV, 2012). It will thus be important to continue to test sampling skids under these conditions, since a high sediment load during sampling could negatively impact the viability of organisms within the sample collection device. Finally, we acknowledge two potential sources of variation, not examined here, that may affect sampling device performance. First, previous work has shown that the performance of sampling devices for the ≥50 μm size class can vary with the volume of water collected (First et al., 2012) . The volume of water collected likely influences performance because larger volumes would require a greater sampling duration and potentially exert a greater pressure at the filter material as the number of trapped organisms increased. In our study, all samples were approximately~1 m 3 of water and collection time was roughly 20 min. Future studies should systematically vary collection time and filter volume for variable flow rates to analyze these effects. Second, we expect that sampling devices may perform differently at different organism concentrations. In this experiment, concentrations for the ≥50 μm size class were above those specified in Regulation D-2, while concentrations for the 10-50 μm size class ranged from below to above allowable discharge levels. As discussed previously, high concentrations of organisms or debris may affect sampling device performance as a result of clogging the filtration area. We expect that our experiment (i.e. testing the devices at high concentrations) represents a difficult 'challenge' condition for the sampling devices, but nonetheless, additional controlled studies to examine sampling skid performance under real world conditions at and around allowable discharge concentrations may be informative.
Conclusions
Our study found some differences between samples collected using the sampling skids and the plankton net under operational conditions, but most differences could not be explained by sampling device. Differences in organism concentrations were found in 50% of comparisons between sampling skids and the plankton net for ≥50 μm, and 10-50 μm size classes, with net samples containing either higher or lower densities (i.e. net samples did not consistently collect higher densities). There were no differences for b 10 μm organisms. Results thus show promise for the operational use of sampling skids during ballast water compliance testing, but further tests are required to evaluate issues that may affect device performance. Future work should focus on explicitly examining effects of flow velocity, sampling duration and sampled volume, and organism concentrations on device performance. We expect that the use of sampling skids may allow samples to be collected more quickly and easily.
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